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Mechanical features of the Cu coatings produced by the pulsating current (PC) regime on Si(111)
substrate have been investigated. The Cu coatings were electrodeposited by varying duty cycle (15-50
%) and keeping the current density amplitude constant (100 mA cm=2), and by keeping duty cycle
constant (50 %) but varying the current density amplitude value (80-120 mA cm=2). The scanning
electron microscopy (SEM) and optical microscopy (OM) techniques showed that morphology of the
coatings changed with increasing the duty cycle from those with large and well defined grains to
uniform and compact fine-grained coatings. The Vickers microindentation technique was used for an
examination of hardness applying the Chen-Gao (C-G) composite hardness model and indentation
creep features of the Cu coatings. The obtained values of hardness for the Cu coatings on Si(111) in
the 0.9069-1.5079 GPa range indicated the successful implementation of the C-G model for this ,,soft
film on hard substrate” composite system. The obtained stress exponents ranging from 2.79 to 5.29
indicated that creep mechanism changed from grain boundary sliding to both dislocation climbs and
dislocation creep with decreasing duty cycle values. The maximum hardness and minimum stress
exponent was obtained for the fine-grained Cu coating produced with a duty cycle of 50 % and the
current density amplitude of 100 mA cm?, indicating that its plastic deformation during
microindentation was primarily caused by grain boundary sliding. Optimization of process formation
and mechanical features of the Cu coatings was made using Response Surface Methodology (RSM),
and error of 3.2 % showed a good agreement between predicted and measured values.

Keywords: copper; pulsating current (PC); hardness; stress exponent; response surface methodology
(RSM).
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1. INTRODUCTION

Copper in the form of thin films or uniform compact coatings formed on various substrates
found wide application in many important technologies including micro-electro-mechanical systems
(MEMS) [1, 2], micro-opto-electro-mechanical systems (MOEMS) [3], microelectronic packaging and
interconnects [4]. Various processes, such as chemical vapour deposition (CVD), physical vapour
deposition (PVD), electrodeposition (ED) and electroless deposition (EL), are used to obtain copper
for the above mentioned applications [5].

Among all methods of coating formation, electrodeposition technique represents especially
suitable method to obtain uniform and compact metal coatings. The advantage of this method in
relation to all other methods is an easy control of thickness of coatings and obtaining of coatings of
desired features by a choice of regimes and parameters of electrolysis [6]. Comparing constant and
pulse regimes of electrodeposition, certain advantages in a quality (i.e. morphological and structural
features) of the coatings like lower porosity and fine-grained structure are realized by application of
pulse electrodeposition processes [6, 7]. Regarding copper electrodeposition processes, the parameters
applied in both constant and pulse electrodeposition processes affecting a quality of the coatings are
stirring of electrolyte [8-10], the presence of additives in electrolytes [11-15], composition and
temperature of electrolytes [6, 10], etc. Various types of substrate, such as stainless steel [16], nickel
coatings [17] and silicon [18], are among the most often used substrates in copper electrodeposition
processes.

The hardness represents one of the most important mechanical features of coatings [19].
Hardness of coatings can be determined directly using small indentation load test (case I: thicker film
and a slight impact of the substrate hardness) or indirectly using a composite hardness model approach
for a determination of true hardness of the film (case Il: thin films and a greater contribution to
substrate hardness in the value of measured composite hardness) [20].

The composite hardness represents complex function of many factors which include
contributions of both the substrate hardness and the coating hardness in the measured hardness value.
To extract a true value of the coating hardness from the composite hardness measurements, several
composite hardness models have been developed [21-23]. The composite hardness models have been
already used for a determination of copper film hardness [24], and it was found [9, 18, 25-27] that
hardness of the Cu coatings strongly depended on their morphological and structural features. For a
determination a true hardness of Cu films and coatings, different composite hardness models have been
applied, and some of them [28—31] give very good fits to experimental data with real obtained values
of hardness of both the substrate and the coating. The choice of composite hardness models depends on
many factors like composite system type, thickness of coating, choice of measurement methods, etc.

The indentation creep method represents a quick, simple and non-destructive method for an
investigation of mechanical features of various composite systems. The main aim of application of this
method is an obtaining information related with the time dependent flow of materials, i.e.
determination of the creep resistance of metal coatings [32]. The investigation of the creep behavior of
the composite systems is essential to evaluate a mechanical reliability, especially when nanodevices
are used under long term stress conditions or for fabricated low-dimensional piezoelectric devices [33,
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34]. This method is also applied in examination of Cu coatings used in the design of nuclear fuel
containers for deep geological repositories, since Cu coatings are suitable as long-lived barrier with
satisfactory degree of corrosion resistance [35].

In this study, hardness of Cu coatings formed by pulse electrodeposition with various duty
cycles on Si(111) substrate has been determined by application of Chen-Gao composite hardness
model. Simultaneously, the indentation creep method is used to investigate the power low indentation
creep features of the Cu coatings obtained under the same electrodeposition conditions. The creep
resistance of the Cu coatings was determined in this way.

Also, prediction and optimization of the composite hardness of the Cu coatings was done by
varying both electrodeposition parameters and applied indentation load using RSM (Response Surface
Methodology) method [36, 37]. The mutual interactions between three variables (duty cycle, thickness
of Cu coatings and applied indentation load) were analyzed.

2. EXPERIMENTAL

The copper coatings were produced via electrodeposition route using the pulsating current (PC)
regime. For that purpose, an electrolyte containing 240 g L™t CuSO4-5 H20 in 60 g L™t H2SO4 was used.
The parameters of the PC regime used for a formation of compact coatings with uniform the current
density distribution are given in Table 1.

Table 1. The parameters of the PC regimes used in the electrodeposition processes and the thicknesses
of coatings (tc— deposition pulse, t,— pause duration, v— frequency, Dc— duty cycle, ja— the
average current density, ja— the current density amplitude, and 6 — thickness of coating).

No. of jal Jav/

sample tc / ms tp / Ms v/ Hz Dc/ % mAcm? | mAcm? o/ um
1 5 28.3 30 15 100 15 40
2 5 15 50 25 100 25 40
3 5 7.5 80 40 100 40 40
4 5 5 100 50 100 50 40
5 5 5 100 50 80 40 40
6 5 5 100 50 120 60 40
7 5 5 100 50 100 50 10
8 5 5 100 50 100 50 20
9 5 5 100 50 100 50 60

The processes of electrodeposition were performed at a temperature of 22.0+0.50 °C in a cell of
an open type. For a preparation of the electrolyte, p.a. reagents and ultra-pure water were used. The
Si(111) orientation of (1.0 x 1.0) cm? surface area was used as a cathode. The preparation of Si(111)
for electrodeposition was described elsewhere [18]. Copper in the form of plate was used as anode.
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The Si(111) orientation was situated in the middle of square-shaped cell between two parallel Cu
plates.

Morphological analysis of produced Cu coatings was performed by scanning electron
microscope (SEM — model JEOL JSM-6610LV).

The preparation of the Cu coatings for analysis of internal structure was performed in the
following way: process of revealing the geometry of the cross-section structure Si/Cr/Au/Cu started
with a perpendicular cut of the Si wafers samples with electrodeposited Cu coatings. The samples were
embedded in a self-curing methyl methacrylate-polymer (Palavit G, Heraeus, Germany) and
mechanically polished with different SiC papers and alumina powder with different grain size (1 and
0.3 um). Rinsing solution of Na,CO3z was used to avoid agglomeration of the alumina powder. Finally,
the structures were dried in nitrogen flow.

Vickers microhardness measurements were performed at different applied loads, P (0.049-2.94
N) with constant (25 s) or variable dwell time (15-65 s) to study the mechanical features of the
coatings. The number of different loads was 12. Indentation was performed at the room temperature.
For a determination of hardness of coatings, the dwell time was 25 s. The indentation was made on a
Vickers tester; model “Leitz Kleinert Prufer DURIMET I”. The diagonals size of the indents were
measured by optical microscope (Olympus CX41) connected to the computer with image software.
The number of the indents was three and for calculation hardness we used arithmetic mean diagonal
size. The optical microscopy image showing Vickers hardness indentation in the Cu coating obtained
with D¢ of 50 % (ja = 100 mA cm), an applied load of 0.49 N and a dwell time of 15 s is given in
Fig. 1.

Figure 1. Vickers hardness indentation made by microhardness tester in the Cu coating obtained with
D¢ of 50 % (ja = 100 mA cm), an applied load of 0.49 N and a dwell time of 15 s. The
thickness of coating: 60 pum.

The Chen-Gao mathematical composite hardness model was selected and applied to
experimental data to obtain the true value of the coating hardness. Fitting of experimental data of
diagonal size-composite hardness values was done in the Matlab software R2015a.

Indentation creep features of the Cu coatings were investigated by measurement of a hardness
with a variation of dwell time (15-65 s) at fixed applied loads of P of 0.49 and 1.96 N at the room
temperature.
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Finally, Response Surface Methodology (RSM) predictive tool is applied for a purpose of
predicting composite hardness of the Cu coatings. The correlation between input variables (duty cycle,
coating thickness, and applied indentation loads) and measured output (composite hardness) was
investigated. To establish the prediction model, RSM analysis in Design-Expert 12 software package
(Stat-Ease, US) was used and Optimal (Custom) Design with 3 numerical factors and 4 levels is given
in Table 2.

Table 2. Experimental range and level of the test variables used in the RSM analysis.

Numerical factor | Units | levels | Range
A1 Duty cycle % 4 15-50
B1 Thickness pum 4 10-60
Ci Applied load N 4 0.1-15

3. RESULTS AND DISCUSSION

3.1. Basic facts

The duty cycle, Dcrepresents the ratio between the pulse duration and the period of a
rectangular waveform, Tp as shown by Eq. (1) [38].

D -t @)

In Eq. (1), tc is deposition pulse (or time), and D. is commonly expressed in %.
The period of square wave pulsating is defined by Eq. (2):

Tp =t +1, (2)

where tp is pause duration.

The duty cycle is related with a frequency of pulsating, v by Eg. (3):

D, =tv (3)
since a frequency, v is defined as:
o1 (4)
TD
The pulsating current (PC) regime is defined by Eq. (5) [6]:
j = jA tc (5)
R A &

where jav IS the average current density and ja is the current density amplitude.

Hence, it follows from Egs. (1) and (5) that the average current density and duty cycle are
related by Eq. (6):

Jaw = 1aD; (6)
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3.2. Morphological and internal structural analysis of the copper coatings obtained by various
pulsating current (PC) regimes

Figure 2 shows SEM micrographs of copper coatings obtained with duty cycles of 15 (Fig. 2a),
25 (Fig. 2b), 40 (Fig. 2c) and 50 % (Fig. 2d). These duty cycles corresponded to frequencies of 30, 50,
80 and 100 Hz, respectively. The size of grains decreased, while compactness of the coatings increased
with the increase of duty cycle. The larger grains of relatively regular shapes are obtained with duty
cycles of 15 and 25 % (Fig. 2a and b). The fine-grained structures were obtained with duty cycles of 40
and 50 % (Fig. 2c and d).

SEI 20K 1 g -,_

PB-RCF

Figure 2. The Cu coatings obtained by various PC regimes: a) Dc = 15 %, b) D¢ = 25 %, c) Dc = 40 %,
d) D¢ = 50 %; ((a)—(d): ja = 100 mA cm2), &) D¢ = 50 % (ja = 80 mA cm™2), and f) Dc = 50 %
(ja = 120 mA cm). The thickness of the coatings: 40 um.

The Cu coatings obtained with the same duty cycle (D¢ = 50 %, or v = 100 Hz), but with
various the current density amplitudes, and hence, with various the average current densities are shown
in Fig. 2e and f. At the first sight, it can be noticed that morphologies of the Cu coatings obtained with
ja of 80 mA cm (Fig. 2e) and 120 mA cm (Fig. 2f) were fine-grained and similar to those obtained
with duty cycles of 40 % (Fig. 2¢), and 50 % (Fig. 2d).

The decrease in size and regularity of grains with an increase of D. can be ascribed to a
decrease of contribution of activation control with simultaneous an increase of contribution of
diffusion control in overall control of electrodeposition process [18]. Formation of large relatively
regular grains with D¢ of 15 and 25 % indicates the dominant effect of the activation control in the
overall control of electrodeposition process; thereby a contribution of the activation control was larger
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with D¢ of 15 than with 25 %. With the further increase of D. value, diffusion becomes a dominant
process in the mixed activation-diffusion control of the electrodeposition, and as result of this, the fine-
grained structures are formed with D¢ of 50 %.

Formation of fine-grained structures with larger D¢ values can be also explained following the
basic nucleation law [6]: according to this law, nucleation rate increases with an increase of
overpotential of electrodeposition. In our case, overpotential increases with an increase of the average
current density [18], and consequently, with an increase of duty cycle (Table 1). Hence, a nucleation
rate increases with an increase of duty cycle. This means that the larger number of nuclei is formed in
the initial stage of electrodeposition growing simultaneously, and as a result of this, compact and
uniform fine-grained structures are formed with the larger duty cycles.

The uniformity and compactness of formed Cu coatings can be confirmed by analysis of
internal structure of the Cu coatings formed with various thicknesses (Fig. 3).

a)
) d)

Figure 3. Cross section analysis of the Cu coatings obtained by the PC regime with D¢ of 50 % (jav =
50 mA cm and ja = 100 mA cm2), and thickness (8) of: a) 10 um, b) 20 um, c) 40 pm, and d)
60 pum.
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3.3. Theory of composite hardness model according to Chen-Gao (C-G)

A mixed composite hardness model, Chen-Gao (C-G), was selected to analyze the absolute
hardness of the copper coatings. Mixed composite hardness model (united area low of mixture and
volume low of mixtures) expresses a composite hardness as sum of all contributions from different
indentation depths, and composite hardness is proportional to two factors. The first factor is the
intrinsic hardness of the local material, H(h), and the second one is a weight function, p(h) [29-31].

The C—G method introduces composite hardness as a function of critical reduced depth beyond
which a material will have no effect on the measured hardness. The critical reduced depth, b represents
ratio between a radius of plastic zone beneath the indentation and the indentation depth. The
correlation between a composite hardness value, Hc and the critical reduced depth, b is given by Eq.
(7):

(7)

c

mb h m_bm+1 hm+1

where Hs and Hcoat are hardness of the substrate and the coating, respectively, & is coating
thickness, h is an indentation depth and m is the power index. The convenient value for m is found to
be 1.8 for “soft film on hard substrate” and m = 1.2 for “hard film on soft substrate”. The used m value
is intermediate between that predicted by assuming an area low of mixtures (m = 1) and a volume low
of mixtures (m = 2) [39].

Equation used to fit the composite hardness as a function of depth is given in the form:

Hc=A+B-%+C- L (8)

h m+1

where A, B and C are fitting parameters used to calculate the absolute hardness of film (or
coating). Then, the absolute hardness is calculated using Eq. (9):

H _A+m[m-|B|/(m+1)]m+1 (9)
coat - m|C|

In Eg. (8), an indentation depth, h, can be replaced with a diagonal size (there is a linear
relation between h and d in the form h = d/7). In Eq. (9), the sign “+” is used for “hard film—soft
substrate” system, and the sign “—” is used for “soft film—hard substrate” system [29-31, 39]. The
diagonal, d, was measured directly on the Cu coating after an indentation, and then, composite
Vicker’s hardness was calculated according to Eq. (10):

c d 2
where P is the load force applied to the indenter (in N) and @is an angle between opposite faces
of the diamond squared pyramid indenter [40].

2-P ~sin(2) P
He == 001854 (10)
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3.3.1. Hardness analysis of the Cu coatings

Due to a high hardness Si(111) substrate of 7.42 GPa [18], the Cu coatings on Si(111) belong
to “soft film on hard substrate” type of composite systems. The Chen-Gao model is applied for a
determination of hardness of the Cu coatings, because this model was just proposed for this type of the
composite systems [29-31]. The model is originally developed for the coating of Cu obtained by
sputtering on glass [30], and according to our knowledge, there is no relevant data in its application for

electrolytically obtained coatings.
The dependencies of the composite hardness of the Cu coatings on indentation depth, h

calculated by Eq. (10) for various duty cycles, the current density amplitudes and the thickness of
coatings are shown in Fig. 4.
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Figure 4. The dependencies of the composite hardness of the Cu coatings, Hc on indentation depth, h
calculated by Eq. (10) for various: a) duty cycles, b) the current density amplitudes, and c) the

thickness of coatings.



Int. J. Electrochem. Sci., Vol. 15, 2020 12182

Please note that the dependencies obtained with D of 50 % (Fig. 4a), ja of 100 mA cm (Fig.
4b) and o of 40 um (Fig. 4c) are of the same Cu coating (Table 1).

The parameters A, B and C obtained by fitting of Eq. (8) and calculated hardness of the Cu
coatings according to the Eq. (9) are given in Table 3.

Table 3. Fitting parameters of the Chen-Gao composite hardness model with calculated hardness
(Hcoat) for all Cu coatings, parameters (A, B, C) and error fitting (RMSE — Root Mean Square

Error).
'A/ Hcoat

Dc/ % mAJ\ cm? | §/uym | /GPa A B c RMSE
1 15 100 40 0.9069 | 0.914 1.966 | —907.4 | 0.006436
2 25 100 40 1.0261 | 1.035 2.97 -812.8 | 0.07438
3 40 100 40 1.3136 | 1.379 | -2.234 | -16.94 | 0.04728
4 50 100 40 15079 | 1.533 | -8.312 353 0.05442
5 50 80 40 1.3164 | 1.324 6.316 -2313 | 0.11882
6 50 120 40 1.4367 | 1.459 4.684 | -245.7 | 0.04889
7 50 100 10 2.119 2119 | -4.019 | 2317 | 0.1573
8 50 100 20 1.914 1914 | -7587 | 1176 | 0.1209
9 50 100 60 1.164 1.164 | -0.7037 | -503.1 | 0.1845

The coating hardness increased from 0.9069 to 1.5079 GPa with an increase of duty cycle, D¢
from 15 to 50 %, i.e. with an increase of ja, from 15 to 50 mA cm2, and v from 30 to 100 Hz (Table 3).
All these Cu coatings were obtained with ja of 100 mA cm?. Hence, the maximum hardness was
obtained for the coating produced with D¢ of 50 %, jav Of 50 mA cm™2 and ja of 100 mA cm™.

Comparing the Cu coatings obtained with the same D¢ of 50 % (i.e. with v of 100 Hz), but with
different ja values (80, 100 and 120 mA cm), the maximum hardness showed the coating obtained
with ja of 100 mA cm. Although all three Cu coatings were fine-grained, the smaller hardness of the
Cu coating obtained with ja value of 120 mA cm™ than that obtained with ja of 100 mA cm™ can be
ascribed to the increase of the effect of diffusion with increasing the current density amplitude value
[18].

The increase of hardness of the Cu coatings with increasing the duty cycles can be correlated
with morphology of the coatings as follows: plastic deformation in Cu coatings is determined by either
dislocation propagation inside the Cu grains or grain boundary sliding [41, 42]. With decreasing the
grain size, it increases the number of grain boundaries acting as disruption sites for dislocation motion
and grain boundary sliding becomes dominant process causing the larger hardness of the Cu coatings
with smaller size of the grains. Also, the large number of stacking faults in the grains can also
contribute to hardness of the coatings, because intragranular nanotwins hinder dislocation propagation
in a similar way as high-angle grain boundaries [43].

Analyzing the effect of the thickness of coating on their hardness, the Cu coating of 10 um
thickness showed the largest hardness, with a tendency of decrease of hardness with increasing the
thickness of coating. Furthermore, the Cu coating of this thickness had the largest hardness from all
analyzed coatings. This can be ascribed to a high contribution of substrate hardness to measured
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composite hardness, and consequently, to absolute hardness of the coating. It was shown recently [18]
that a thickness of 40 um is optimum for which a contribution of Si(111) as very hard substrate is
eliminated. Simultaneously, the roughness of coatings increased noticeably with increasing the coating
thickness [18], making also a significant effect on the coating hardness.

The obtained values of coatings hardness are in an excellent agreement with those found in the
literatures for electrolitically produced Cu coatings. The composite hardness of Cu coatings strongly
depends on working conditions and regimes of electrodeposition, as well as of applied composite
hardness models. Depending on a type of electrolyte, applied current density, type of substrate,
thickness of electrodeposited coating, the presence of additives, mixing of electrolyte, applied load,
etc. the usual values of coating hardness obtained by application of constant galvanostatic (DC) regime
are in the 0.70-1.65 GPa range [8, 44, 45]. For example, the Cu coating hardness determined by
Korsunsky model was 0.80 GPa [39]. The values of composite hardness of the Cu coatings obtained by
application of various pulse reverse regimes of electrodeposition are in the 1.10-2.0 GPa range, and
they were slightly higher than those obtained in the DC regimes [9]. Anyway, comparable values of
the coating hardness obtained in this investigation by application of Chen-Gao model with those found
in the literatures clearly indicate that the Cheng-Gao model can be successfully used for a
determination of hardness of the Cu coatings obtained by various electrodeposition processes.

Although the values obtained by application of various composite hardness models cannot be
mutually compared, the trend of change of coating hardness observed by application of the Cheng-Gao
model was equivaltent to recently observed trend achieved by application of Chico-Lesage model for
the same Cu coatings [18]. This can be additional proof of succsessfull implementation of the Cheng-
Gao model for hardness analysis of electrolytically produced Cu coatings.

3.4 Indentation creep analysis of the Cu coatings

Microsystem devices need to hold their mechanical integrity for long-term exploitation. The
indentation creep testing is very useful non-destructive technique for assessment the creep behavior of
the materials. The results of hardness measurements were used for the creep mechanism specification
through calculation the stress exponent x of the coatings according to the model of Sargent-Ashby
[46]. EqQ. (11) gives the relation between the time-dependent composite hardness Hc and stress
exponent x as:

Hc — %o - (11)
(C-p-gythu
where &g is the strain rate at reference stress oo,  is constant, t is dwell time and w is the stress
exponent.

The plots of InH¢ against Int give straight lines whose slopes are equivalent to the negative
inverse stress exponent (—1/u). The value of the stress exponent, x, may be considered as the indicator
of the mechanism affecting the deformation. If its value is around 1, a diffusion creep was happened. If
the value of  is around 2 the creep mechanism is a grain boundary sliding. With further increasing its
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value (in the range between 3 and 10), mechanism of deformation will be dislocation climbs and
dislocation creep [47, 48].

Indentation creep tests were performed on all the Cu coatings obtained by the PC regimes with
variation of the electrodeposition parameters: the duty cycle (15, 25, 40 and 50 %), the current density
amplitude (80, 100 and 120 mA cm) and the coating thicknesses (10, 20, 40 and 60 um).

The dwell time was chosen to be in range of 15 to 65 s, in increments of 10 s. At these
moments, the indentation diagonals were measured and the values of the composite hardness were
calculated. Indentation results are expressed as variation of the composite hardness Hc with a dwell
time (t) at the applied load of 0.49 N for samples obtained with different the duty cycles (Fig. 5a), the
current density amplitudes (Fig. 5b) and the coating thicknesses (Fig. 5c). The similar to Fig. 4,
variations observed with D¢ of 50 % (Figs. 5a and 6a), ja of 100 mA cm (Figs. 5b and 6b) and & of 40
um (Figs. 5¢ and 6¢) belong to the same Cu coating.
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Figure 5. Variation of the composite hardness of the Cu coatings as a function of dwell time at
constant load 0.49 N for various: a) the duty cycles, b) the current density amplitudes, and c)
the thickness of coatings.
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Indentation experiments have shown that a further increase in depth occurs over time at the
same maintained load which means that the composite hardness decreases with increase of the dwell
time.

Figure 6 shows the experimental data of composite hardness variation with dwell time fitted
according to Sargent-Ashby model in order to determine the stress exponent x. Stress exponent values
are expected to indicate dependence of the creep behavior on the coating microstructure.
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Figure 6. Variation of InH¢ against Int at the load 0.49 N for various: a) duty cycles, b) the current
density amplitudes, and c) the thickness of coatings.

Variation of InH. against Int at applied load 0.49 N for duty cycles of 15, 25, 40 and 50 % is
given on Fig 6a, for 80, 100 and 120 mA cm the current density amplitudes on Fig. 6b and for 10, 20,
40 and 60 um thickness of the coatings on Fig. 6c¢.

The values of the estimated stress exponent x for all the coatings are given in Table 4.
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Table 4. Fitting results and stress exponents for the Cu coatings obtained by the PC regimes with
various the duty cycles, the current density amplitudes and the coatings thickness at a constant

load 0.49 N.
The parameters of
the PC regimes Slope (k) Intercept (n) Stress exponent ()
Dc / %*
15 —0.2240 0.3201 4.46
25 —0.2556 0.7946 3.91
40 —0.3495 1.3483 2.86
50 —0.3579 1.4751 2.79
ja/ mA cm??
80 —0.2612 0. 9328 3.83
100 —0.3579 1.4751 2.79
120 —0.3000 1.1824 3.33
S/ um?®
10 —0.1889 1.2146 5.29
20 —0.2959 1.3889 3.38
40 —0.3579 1.4751 2.79
60 —0.3024 1.059 3.31

In this investigation, the values of the stress exponent, x, obtained at the load 0.49 N, ranging
from 2.79 to 5.29. The value of this exponent increases with decreasing duty cycle. Regarding the
values obtained for various the current density amplitudes, the lowest stress exponent has the Cu
coating obtained with ja of 100 mA cm™. As far as the values obtained for various the coatings
thickness, the highest value of the stress exponent, p of 5.29 is obtained for 10 um thick Cu coating.
This high value clearly indicates the effect of a very hard Si substrate must also be included in
preventing the creep process.

The obtained values are in a good agreement with morphology of the coatings obtained under
the given electrodeposition conditions, as well as with the values of coating hardness calculated
according to the C-G model. The lowest value of the stress exponent (¢ = 2.79) corresponds to Cu
coating with fine-grained structure obtained with D¢ of 50 %, ja of 100 mA cm™ and & of 40 pm (Fig.
2d). Simultaneously, this Cu coating showed the highest value of the coating hardness (Hcoat = 1.5079
GPa). The other coatings with fine-grained structures (Fig. 2c, e and f) and with the high values of the
coating hardness among 1.3136 and 1.4367 GPa had the stress exponents larger than 2.79, but less than
4. The stress exponent increases with increasing the size of grains, and this exponent was 4.46 for the
coating characterized by large and relatively regular grains obtained with D¢ of 15 % (Fig. 2a). This Cu
coating had the lowest coating hardness of 0.9069 GPa.

According to Ref. [48], the obtained stress exponents between 2.79 and 5.29 correspond to the
creep mechanisms named the grain boundary sliding, the dislocation climbs and the dislocation creep,
with a tendency of the change of creep mechanism from grain boundary sliding to dislocation climbs

L 1n all experiments: ja = 100 mA cm?, and 5= 40 um
2 In all experiments: D¢ = 50 %, and 6= 40 um
3 In all experiments: ja = 100 mA cm?, and D¢ = 50 %.
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and dislocation creep with increasing the stress exponent. For the Cu coating obtained with D¢ of 50 %
and ja of 100 mA cm, the p value of 2.79 indicates that the dominant creep mechanism is the grain
boundary sliding. This is in excellent agreement with the high hardness of this Cu coating, where the
high hardness is determined by fine-grained structure with numerous grain boundaries representing
disruption sites for dislocation motion [41]. On the contrary, the high p exponent of 4.46 obtained for
the Cu coating produced with D¢ of 15 % which is characterized by large and relatively well defined
grains indicated that the dominant mechanism is related with dislocation phenomena. As a result of
this, the hardness of the coatings with dominant dislocation mechanisms is considerably smaller than
that with dominant grain boundary sliding.

According to the power low creep, the decrease of the stress exponent corresponds to the
increase in creep rate and it can be seen from Fig. 5, especially from Fig. 5a, for D¢ of 40 and 50 %.
The coatings with the higher value of the stress exponent are more resistant to creep caused by
indentation at low loads.

Two indentation creep tests were additionally performed on the coatings obtained with D¢ of 25
and 50 % at the higher load of 1.96 N than previously analyzed (0.49 N load) and the results are shown
in Fig. 7.
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Figure 7. Variation of: a) the composite hardness of the Cu coatings as a function of dwell time, and b)
InH¢ against Int, at constant load 1.96 N for duty cycles of 25 and 50 %.

It can be seen that the indentation creep mechanism changes with increasing load and that creep
is less sensitive to the electrodeposition parameters and the coating microstructure at high loads. This
can be inferred from the values of the stress exponent. For the coating formed with D¢ of 25 %, the
stress exponent, i was 3.91 at a load of 0.49 N and 4.88 at a load of 1.96 N. For the coating obtained
with Dc of 50 %, the stress exponent, (L was 2.79 at a load of 0.49 N and 5.03 at a load of 1.96 N.

By comparing the differences in the value of the stress exponent for the fine-grained coatings
(D¢ =50 %, ja = 100 mA cm) and the coarse-grained coatings (D¢ = 25 %, ja = 100 mA cm) at 0.49
N and 1.96 N, it can be seen that the value of the exponent change is almost double for the coatings
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with fine-grained microstructure, i.e. the Cu coatings with fine-grained microstructure are more
sensitive to creep, especially at the low loads.

3.5. Predictive modeling of composite hardness values by application of Response Surface
Methodology

(RSM)

Using data given in Table 2, a regression model related to response of the variables for
prediction of the composite hardness value was developed. The relationship enabling a prediction of
the composite hardness (Hc) values of the Cu coatings in a function of applied variables (duty cycle
(D¢), thickness of the coating () and indentation load (P)) is given by Eq. (12):

Hc = 1.28 + 0.1715-A; — 0.1928-B; + 0.2278-C1 + 0.2003-A1-B1 + 0.1354-A1-C1 — (12)
0.1816-B1-C1 — 0.1870-A12 - 0.1333-B1% — 0.0647-C+?

where Az, B1 and Ci represent numerical factors from Table 2 corresponding to the input
variables, i.e. duty cycle, applied load and the thickness of coating.

The corresponding 3D (three dimensional) surface plots showing the dependence of H. values
predicted by application of the Response Surface Methodology (RSM) based on the regression model
generated by Eqg. (12) on duty cycle, thickness of coating and applied load are shown in Fig. 8.

It can be seen from Fig. 8 that the duty cycle achieved a significant effect on the composite
hardness value. For an applied load of 1 N and a 40 um thickness of the coating, the composite
hardness increased from 0.865 to 1.34 GPa with an increase of duty cycle from 15 to 50 %. In a
similar way, the composite hardness increased with the increasing applied load from 0.1 to 1.5 N (Fig.
8b). The effect of substrate hardness on the composite hardness is dominant at small thickness of

coatings while for a high load, this effect gradually decreases with increasing the thickness of coating
(Fig. 8c).

0573 [ 1923

0573 [ 1923 0573 [ 1923

- r
S 15 s ()
& & 5
Z 10 2 u
o '3
"2,: ST TALAL :‘"f é 0‘5“:":“:“::“‘4‘.
T 4 5 5 >
% f /'/, i‘ ““ \\
( \ \\
Y
50 QN o & /) 60
8, 40 - o Lo e i 20 % o
icy, 20 Y i 6.0
N o S
s 10 15 o %, 01 10 o
p o ’ o
i »° 7
a) b) c)

Figure 8. The response surface plot of the composite hardness prediction as the function: a) duty cycle

and the thickness of coatings, b) duty cycle and applied load, and c) applied load and the
thickness of coatings.
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The optimal parameters obtained through application of RSM were: duty cycle (Dc): 44.33 %,
applied load (P): 0.98 N, thickness of the coating (9): 43.38 um and the composite hardness (Hc):
1.457 GPa. If the optimization criterion is a minimal composite hardness value, solution parameters
were: D¢ =15.12 %, 6 =59.50 um, P =1.05 N and H. = 0.57 GPa.

It was found that the composite hardness is predicted by application of the regression model
with a maximum error of 3.2 %. The values of probability which were less than 0.050 and
determination coefficient (R?) evaluating correlation between experimental and predicted values of
0.90 clearly indicate that this model is successfully applied. The attained excellent agreement between
these two kinds of values of the composite hardness shows that the RSM represent a suitable tool for
optimization of the electrodeposition processes with the aim to obtain coatings of desired
characteristics, in this case, hardness.

4. CONCLUSIONS

Copper coatings were formed by electrodeposition on Si(111) substrate using the pulsating
current (PC) regime by varying either duty cycle (i.e. the average current density or frequency for the
same current density amplitude) or the current density amplitude (for the same duty cycle).
Morphology and internal structure were examined by the scanning electron microscope (SEM) and
optical microscope (OM), respectively. The hardness and indentation creep features of the Cu coatings
were analyzed from the mechanical features. The Response Surface Methodology (RSM) was used for
optimization of process formation and mechanical features of the Cu coatings. On the basis of the
obtained results, it follows:

o The regularity and size of Cu grains decreased with an increase of duty cycle from 15 to
50 %. The fine-grained structures are formed with a duty cycle of 50 %. Irrespective of the thickness
of coating, analysis of the internal structure showed formation of compact and uniform coatings with a
duty cycle of 50 %.

o The hardness of the Cu coatings was determined by applying the Chen-Gao (C-G)
composite hardness model and the obtained values in the range (0.9069-1.5079) GPa indicated the
succsesfull implementation of this model in determination of true hardness of Cu coatings. The
maximum hardness showed the Cu coating with fine-grained structure obtained with a duty cycle of 50
% and the current density amplitude of 100 mA cm™.

o The stress exponents in the (2.79-5.29) range were obtained by indentation creep
analysis of the Cu coatings, and the value of this exponent increased with decreasing the duty cycle.
The lowest value of this exponent of 2.79 was obtained for the Cu coating with the maximum
hardness, proving that deformation of the coating during microindentation is determined by grain
boundary sliding.

o Using Response Surface Methodology (RSM), optimization of process of formation of
the Cu coatings by the PC regime and the hardness was considered, and the obtained error of 3.2 %
indicated the good agreement between predicted and experimentally obtained values.
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